1. The influence of the gut microflora on protein synthesis in individual tissues and in the whole body of young chicks was investigated by the large-dose injection of [3H]phenylalanine. 2. Growth of germ-free chicks was significantly better than that ofconventional controls. Wet weights ofliver, spleen, duodenum, jejunum + ileum and caeca were heavier in conventional birds than in germ-free counterparts. 3. Fractional rates of protein synthesis were higher in jejunum +ileum and whole body of conventional birds than in those of germ-free birds. Amounts of protein synthesized were larger in liver, jejunum + ileum and caeca in the presence of the gut microflora. 4. When tissues were classified into gut + liver and the remainder of the carcass, in the presence of the gut microflora an enhanced protein synthesis in fractional and absolute rate was found in the gut + liver, which is in direct contact or in close association with micro-organisms, whereas virtually no effect of the gut micro-organisms was detected in the remainder of the carcass. 5. The contribution of protein synthesis of gut + liver to that of the whole body was larger in conventional chicks than in germ-free birds, whereas the reverse was true for the remainder of the carcass.
INTRODUCTION
There have been indications that the gut microflora may modify the protein metabolism in the whole body of chickens. For example, germ-free chicks grew faster than their conventional controls (Coates et al., 1963) . The better growth of the germ-free bird could be explained by a more efficient use of dietary protein, since protein accretion is the most important component of chick growth. Protein utilization in the conventional state may be decreased to a certain extent by partial utilization of dietary protein as an energy source, probably because of a higher energy requirement of conventional birds compared with that of germ-free counterparts (Furuse & Yokota, 1985) .
In tissues such as gastrointestinal tract and liver, which are in close association with the microflora, possible changes in protein metabolism by the activity of micro-organisms would also be expected to occur. Gordon & Bruckner-Kardoss (1961) reported thicker gut wall in conventional birds than in germ-free birds. Migration rates of gut epithelial cells in conventional chicks were faster than in germ-free counterparts (Cook & Bird, 1973; Rolls et al., 1978) . The liver ofconventional chicks was sometimes, though not always, heavier (Reyniers et al., 1960) , possibly because of the need for detoxification of ammonia (Visek, 1974) and amines (Cheeseman & Fuller, 1966) produced by microbial activities in the digestive tract.
Since protein growth in individual tissues and in the whole body is altered through changes in protein synthesis or degradation, or both, it is of considerable importance to study protein turnover in both conventional and germ-free states for better understanding of the impact on host protein metabolism of the presence of gut micro-organisms. So far, however, only a few reports are available. Protein synthesis in jejunal mucosa and liver was higher, though not significantly, in conventional chicks than in germ-free counterparts (Muramatsu et al., 1983) , whereas little effect of the gut microflora was Vol. 246 noticed in the breast-muscle protein-turnover rates (Muramatsu et al., 1985) .
The present study was undertaken to investigate more extensively the effect of the gut microflora on protein synthesis in individual tissues and in the whole body of young chicks.
MATERIALS AND METHODS
Fertilized eggs from Single comb White Leghorn hens and cocks, which were supplied from Gifu Poultry Experimental Station, Gifu, Japan, and kept in our poultry house, were incubated for hatching in clean incubators. The details for the method of producing germ-free birds were described elsewhere (Yokota et al., 1984) . The hatched chicks were reared individually in metabolism cages until 23 days of age in either germ-free or conventional environments. During the 23-day experimental period they received no food for the first 2 days after hatching, and thereafter were allowed free access to water and an experimental diet. The experimental diet was based on a practical chick mash fortified with vitamins in order to compensate for possible losses during the irradiation procedure for food sterilization (Coates et al., 1969 At 23 days of age, fractional rate of protein synthesis in individual tissues was measured by the large-dose injection method of Garlick et al. (1980) , which depends on the analysis of specific radioactivity. The method involved the enzymic conversion of phenylalanine into phenethylamine, followed by radioactivity counting and fluorimetric determination. Radioactive L-[4-3H]-phenylalanine was combined with unlabelled phenylalanine to give 40 ,uCi and 120 ,umol/ml of 0.15 M-NaCl and injected into a wing vein at a dose of 1 ml/100 g body wt. Details were given elsewhere (Muramatsu & Okumura, 1985; Muramatsu et al., 1985) . At 2 or 10 min after the injection of [4-3H]phenylalanine, four and six birds respectively in germ-free and conventional environments were killed by neck dislocation. The abdominal cavity was opened, and tissues, including liver, spleen, duodenum, pancreas, jejunum +ileum, caeca and bursa of Fabricius, were removed quickly, and placed in ice-cold 0.15 M-NaCl. The gastrointestinal tract was cut longitudinally, and its contents were washed gently with ice-cold 0.15 M-NaCl. The tissues were blotted, weighed, frozen by plunging into liquid N2, and stored at -20°C until analysis. The viscera-free carcass was similarly treated.
The frozen viscera-free carcass was minced with a meat grinder, which was previously cooled with solid CO2, and frozen again with liquid N2. This mincing procedure was repeated three times to get homogeneous samples. Tissue protein was determined by the procedure of Lowry et al. (1951), except for the viscera-free carcass protein, which was estimated by N content (x 6.25), determined by a Kjeldahl method. This was necessary because some proteins, such as those in feathers, were insoluble in 0.3 M-NaOH. RNA content in tissues was analysed by a modified Schmidt-Thannhauser method as described by Munro & Fleck (1969) , and determined spectrophotometrically by an orcinol reaction, the colour of which was read at 660 nm. The values for protein content, RNA content and protein synthesis in the whole body were calculated as the sum of those in individual tissues and the viscera-free carcass. The derivation of the fractional rate of protein synthesis from more than one tissue was made by calculating the sum of protein synthesized divided by the sum of protein content.
Results were presented as means + S.E.M., and statistical significance was assessed by Student's t test.
RESULTS
The values for body-weight gain, feed intake and feed efficiency (100 x g weight gain/g feed intake; %) of germ-free and conventional birds from 2 to 23 days of age are given in Table 1 . As might be expected, germ-free birds grew significantly better than their conventional controls, but little difference was observed in feed intake and feed efficiency between the germ-free and conventional states. Table 2 gives the values for wet weight, contents of protein and RNA and the RNA/protein ratio in individual tissues and in the whole body of germ-free and conventional chicks, together with the values in gut+ liver and in the remainder of the carcass. All the values were expressed per 100 g body wt., to adjust for differences in body weight between the birds in the germ-free and conventional environments. The values for wet weight of liver, spleen, duodenum, jejunum + ileum, caeca and gut + liver were significantly larger in conventional birds than in germ-free counterparts, whereas the reverse was true for the remainder of the carcass. The protein contents in liver, caeca and gut + liver of conventional birds were significantly higher than those of germ-free birds. The RNA contents were higher in duodenum, caeca and gut+ liver of conventional birds than those of germ-free counterparts. The presence of the gut microflora little affected the RNA/protein ratio in individual tissues and in the whole body of chicks, except for that in caeca, where a significantly higher ratio was found in conventional than in germ-free birds.
Protein synthesis expressed as fractional rate, and amounts synthesized per 100 g body wt. or per g of RNA, are shown in Table 3 , with protein synthesized in individual tissues as a proportion of that in the whole body. Generally speaking, the conventional tissues which are in close association with the gut microflora, such as liver, duodenum, jejunum + ileum and caeca, showed higher, though not always significantly, fractional rates of protein synthesis than the germ-free counterparts. Significant differences in fractional rates of protein synthesis were detected in jejunum+ ileum, total gut+ liver and in the whole body, being higher in conventional than in germ-free chicks. There was also a higher fractional rate in spleen, but the difference was not significant. Little difference was detected in fractional rates in bursa of Fabricius, pancreas and remainder of the carcass. Surprisingly, it was noticed that fractional synthesis rate in pancreas was remarkably faster than those in any other tissues, even twice as fast as that in liver.
Amounts of protein synthesized per 100 g body wt. in individual tissues tended to be higher in the conventional than in the germ-free states on most occasions, and significant differences were detected in liver, jejunum+ ileum, caeca and gut+ liver. When protein synthesis was compared on a per-g-of-RNA basis, a significantly higher value for jejunum +ileum was found in conventional birds compared with germ-free counterparts.
In gut+liver, the contribution of individual tissues to the whole-body protein synthesis was significantly higher in the conventional (26% ) than in the germ-free (21% ) state, whereas the reverse was true for the remainder of the carcass. The contribution of caeca protein synthesis in conventional chicks was almost twice as much as that in germ-free birds. 
DISCUSSION
It was previously found that the presence of the gut microflora enhanced, though not significantly, protein synthesis in the chick liver orjejunal mucosa (Muramatsu et al., 1983) , which is in close association with micro-organisms in conventional life. In contrast, little or no effect was found in breast muscle, which is remote from the bacterial activity (Muramatsu et al., 1985) . Thus, the closer the tissue to microbial association, the more the stimulation of protein synthesis would occur. In the present study, this was examined more extensively in individual tissues and in the whole body of young chicks, and essentially the same conclusion was reached: protein synthesis in fractional and absolute rates was enhanced in gut + liver of conventional birds compared with that of germ-free counterparts, whereas little difference was observed in the remainder of the carcass, which comprised primarily skeletal muscle and other visceral organs.
The reasons for the enhancement of protein synthesis by bacterial association in the conventional state were unknown. However, it may probably be that bacterial products generated in the gut might have a stimulating effect on protein synthesis in tissues which are in direct contact or in close association with the gut microorganisms. In the digestive tract of animals, short-chain fatty acids, which were mainly the products of microbial activity (Annison et al., 1968) , were found to stimulate Vol. 246 epithelial-cell division (Sakata & Yajima, 1984) . Cholic acid produced by hydrolysing enzymes of bacterial origin was also known to increase turnover of intestinalmucosal cells (Ranken et al., 1971) . In addition, considerable amounts of ammonia (Visek, 1974) and amines (Cheeseman & Fuller, 1966) were produced by the gut microflora. All these compounds could possibly be responsible for enhanced protein synthesis in gut+liver in the presence of the gut micro-organisms. The possibility remains to be clarified.
The increased protein synthesis in the gut and liver resulted in an elevated fractional rate of protein synthesis in the whole body of conventional birds compared with their germ-free counterparts (Table 3 ). An analogous increment in whole-body protein synthesis by pathogenic bacterial association was found by Pomposelli et al. (1985) in rats, although the extent of the enhancement in absolute synthesis rates seemed to be quite different between that caused by the pathogenic bacteria in their study (20%) and by the burden of ordinary gut microflora in the present study (500).
Unlike in rats and mice, caecal enlargement in the germ-free state (Gordon, 1968) was not observed in chicks. In general, wet weight and protein and RNA contents in the gut+liver were higher in the presence of the gut micro-organisms (Table 2) . These results in chickens were in good agreement with those of Reyniers et al. (1960) and of Furuse & Yokota (1984) . Increased protein growth in these tissues appeared to be brought Table 3 . Protein synthesis in individual tissues and in the whole body of germ-free (GF) and conventional (CV) chicks Value are means+S.E.M. for six birds at 23 days of age: tone missing value. 'Gut+liver' is the sum of duodenum, jejunum + ileum, caeca and liver. Statistical significance was assessed by Student's t test: NS, not significant (P > 0.05); *P < 0.05; **P < 0.01. (Table 3) . However, the increased fractional rates of protein synthesis in gut + liver did not necessarily result in better protein growth in the whole bird, since these tissues contributed only 6-8% of total body protein, and since the net growth was merely the reflection of differences between synthesis and degradation. Taken together with better body-weight gain in germ-free birds than in conventional controls (Table 1 ) and increased fractional rates of whole-body protein synthesis, it was likely that whole-body protein degradation in chicks could be enhanced by the association ofmicro-organisms, so that the increased protein synthesis was completely offset, or even poorer growth was brought about by the presence of the gut microflora. In view of the energy cost of protein synthesis, faster protein turnover may result in inferior over-all energy utilization. Muramatsu & Okumura (1985) and Muramatsu et al. (1987) suggested that in the fed state the energy cost of whole-body protein synthesis accounted for about 17-20% of the total heat production of chicks at a similar age. It follows, therefore, that from the difference found in the amount of whole-body protein synthesis between the conventional and germ-free states, the energy wasted owing to faster turnover rates in the conventional state could only account for less than 1 % of total heat production. This is too small to account for low efficiency of energy utilization in the conventional state, since Furuse & Yokota (1985) found that energy utilization was about 20% higher in germ-free chicks than in conventional controls. Thus factors other than increased protein turnover, such as the difference in the extraction ofdietary energy, may primarily be responsible for the poorer energy utilization in the conventional chicks.
As a well-known characteristic of germ-free chickens, serum IgG is considerably lower than that of conventional birds (Wostmann, 1968; Sato et al., 1986) . Since IgG was considered to be synthesized mainly in spleen and bone marrow (Keily & Abramoff, 1969) , protein synthesis in spleen was expected to be higher in conventional than in germ-free birds. However, a non-significant increase in synthesis rates of total spleen protein was observed in the presence of the gut microflora. This may suggest that in chickens the synthesis of IgG contributes little to the total protein synthesis in the spleen. Talal (1966) also failed to detect any differences in protein synthesis in spleens between conventional and germ-free rats. Whether or not the synthesis of IgG is suppressed in the spleen of germ-free chicks remains to be studied.
To our knowledge, the present study was the first to report protein synthesis in vivo in various tissues of young chicks. Surprisingly, pancreas showed a very high fractional synthesis rate. This was attributable to a remarkably high protein synthesis rate per unit of RNA. Assuming that the mean transit time of ribosomes on mRNAs is not very different among the tissues tested, the number of translatable mRNA molecules in pancreas might be larger that that in any other tissues. As the measurement of protein synthesis was done within 10 min by the method of Garlick et al. (1980) , not only the pancreas protein itself, but also secreted proteins, may have been measured. Therefore the rapid rate of protein synthesis in pancreas may probably be related to its physiological function, such as the need for quick synthesis and secretion of digestive enzymes in order to facilitate digestion processes. 
